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Abstract. This paper describes experience gained in the
application of terrestrial digital photogrammetry and terres-
trial laser scanning for the characterization of the structure of
high mountain rock slopes and large landslides. A method-
ology allowing the creation and registration of 3-D models
with limited access to high mountain rock slopes is devel-
oped and its accuracy veriﬁed. The importance of occlusion,
ground resolution, scale and reﬂectivity are discussed. Spe-
cial emphasis is given to the concept of observation scale and
resulting scale bias and its inﬂuence on discontinuity char-
acterization. The step-path geometry of persistent compos-
ite surfaces and its role in remote sensing measurements are
described. An example of combined terrestrial digital pho-
togrammetryandterrestriallaserscanningappliedinthegen-
eration of a 3-D model of the South Peak of Turtle Mountain,
the location of the Frank Slide, is presented. The advantages
gained from the combined use of these techniques and the
potential offered through long-range terrestrial digital pho-
togrammetry, using high focal length lenses up to 400mm
is illustrated. Special emphasis is given to the potential of
this speciﬁc technique, which has to the authors knowledge
rarely been documented in the geotechnical literature.
1 Introduction
Terrestrialdigitalphotogrammetry(TDP)andterrestriallaser
scanning(TLS)areincreasinglybeingrecognizedasefﬁcient
survey techniques for characterizing the earth surface mor-
phology. McCaffrey et al. (2005) highlight the progress of
digital geological ﬁeldwork in terms of resolution, accuracy,
Correspondence to: M. Sturzenegger
(msturzen@sfu.ca)
data visualization, management and reproducibility. The
combination of both airborne and terrestrial methods allows
coverage of a wide range of observation scales and the abil-
ity to acquire data remotely; this makes it possible to over-
come issues related to both accessibility and true representa-
tion of features. Applications in geosciences and geotechnics
have been proposed by several authors. Rosser et al. (2005)
highlightthebeneﬁtsoftopographicinformationprovidedby
TLS surveys, compared to the plan view provided by tradi-
tional airborne survey. They emphasize the importance of
such techniques in quantifying the spatial distribution and
magnitude of rockfall events associated with coastal cliff ero-
sion. Pesci et al. (2007a, b) demonstrate the suitability of
laser scanning for monitoring both rapid morphological vari-
ations and physical changes of volcanoes and also integrate
TLS and airborne digital photogrammetry to model an en-
tire volcano. Nagihara et al. (2004) applied TLS to char-
acterize the morphology of sand dunes. Teza et al. (2007,
2008) and Monserrat and Crosetto (2007) detail methodolo-
gies to measure landslide displacements and strain ﬁelds,
based on the large amount of dense and accurate spatial in-
formation provided by terrestrial remote sensing techniques.
Bellian et al. (2005)usedTLSforstratigraphicmodelingand
Enge et al. (2007) to build petroleum reservoir models. Abel-
lan et al. (2006) integrate TLS in the process of rock fall
hazard assessment, emphasizing the collection of more ac-
curate information on joint geometry, block volume and lo-
cation, and rock fall trajectory. P¨ otsch et al. (2006) show
how discontinuity data measured on highwalls using TDP
can be integrated into kinematic analysis. Finally, Tannant
et al. (2006) recognize the potential of TDP for surveys in
open-pit mine environment.
Close range applications of terrestrial remote sensing tech-
niques including discontinuity characterization on rock cuts
has been documented by the present authors (Sturzenegger
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and Stead, 2009) and numerous other workers (Ferrero et al.,
2008; Slob et al., 2005; Monte, 2004; Kemeny et al., 2006;
Jaboyedoff et al., 2008; Haneberg, 2007, 2008; Gaich et al.,
2006; Feng and R¨ oshoff, 2004; Coggan et al., 2007; Birch,
2006; Poropat, 2006, 2008; Lato et al., 2009). The extension
of such characterization to a longer range requires an inves-
tigation of the inﬂuence of scale effects. The present paper
will initially focus on high mountain rock slopes in general
and then describe in detail a large landslide surveyed from
distances between one hundred meters and more than two
kilometres. When characterizing rock mass discontinuities at
such distances, questions regarding the accuracy, ground res-
olution and survey network building will arise. In addition, it
will be important to understand which type of features can be
mapped and what will be the effect of the observation scale
on their measurements. Particular emphasis will be given to
this concept, also termed “scale bias” by Ortega et al. (2005).
After a brief description of the ﬁeld methodology, some
speciﬁc considerations about network setting, ground reso-
lution, scale, accuracy and precision will be discussed. A
detailed study concerning discontinuity orientation and per-
sistence characterization using terrestrial remote sensing 3-
D models at scales up to 1:11000 is followed by application
to the South Peak of Turtle Mountain, location of the 1903
Frank Slide. The latter investigation demonstrates the ben-
eﬁts of combining TDP and TLS and highlights the poten-
tial of long-range TDP using high focal length lenses (up to
400mm).
2 Field methodology
Characterization of high mountain rock slopes is often con-
strained by accessibility and safety issues. Consequently, ter-
restrial remote-sensing techniques represent promising alter-
natives/supplements to traditional rock engineering scanline
or window mapping methods. The laser scanner used in this
project is an Optech ILRIS-3D (Optech Inc., 2008) with data
processing undertaken using the commercial code Polyworks
(Innovmetric software, 2006). Digital photogrammetry data
imagery is obtained using a Canon EOS 30D digital cam-
era with varying focal length lenses and processed using the
3DM Calibcam/Analyst software (Adam Technology, 2007).
An important component of terrestrial remote-sensing sur-
veys is the registration of 3-D models. Depending on the pur-
pose of the work the user may wish to survey control targets
ontherockslopeitselfandthisoperationcanquicklybecome
the most time-consuming component of a project. Four alter-
native approaches using a differential GPS (DGPS), a reﬂec-
torless Total Station (TS) and/or a compass are proposed and
compared (Table 1 and Fig. 1). Some of these approaches
do not require access to the rock slope. Note that for the par-
ticular application of rock slope characterization, registration
into the global reference system is not always necessary; all
that is required being to orientate a 3-D model relative to
north in a local reference system.
The registration devices used in this project are a single
frequency Thales Promark3 DGPS (Thales Group, 2008) and
a Topcon GPT-3002LW long range reﬂectorless total station
(Topcon Positioning System Inc, 2008). The DGPS and TS
precision are a few centimetres and a few millimetres, re-
spectively. If used in reﬂectorless mode on natural features
in a rock slope located a few hundreds meters away, the ex-
pected precision of the TS is in the order of a few centimetres
(Lim et al., 2005) and its maximum range under optimal con-
ditions is 1200m (Topcon Positioning system Inc., 2008).
Fieldwork has been performed at four locations in the
Canadian Rocky Mountains (Table 2 and Fig. 2).
3 Survey planning, data acquisition and processing
This section brieﬂy reviews the main parameters to consider
when planning a TDP or TLS survey. Additional general
considerations for the application of terrestrial remote sens-
ing techniques to geological investigations can be found in
Buckley et al. (2008).
3.1 Network setting
Ideally, the position(s) of the camera/scanner should be cho-
sen to attain the expected resolution and accuracy, and to
minimize the potential for occlusion and orientation bias
with respect to both horizontal and vertical ﬁelds of view
(Sturzenegger et al., 2007a). Consequently, a preliminary
geological and structural geology survey of the rock slope
should always be attempted. Topographic constraints in the
ﬁeld often limit the degree of ﬂexibility in setting up a survey
network. In particular, most of the rock slopes investigated
can only be surveyed from below, access being limited to the
foot of the mountain slopes.
3.2 Ground resolution
Spatial resolution in both photographic and non-
photographic remote sensing requires the use of the
concept of a ground resolution cell (GRC), representing
the size of a scene element, i.e. the dimensions on the
ground of the basic element of the image (Rengers et al.,
1992; Strandberg, 1967). For terrestrial remote-sensing
techniques, this is the ground point spacing. For digital
photogrammetry, ground point spacing depends on the
step size, which quantiﬁes the number of pixels used, both
horizontally and vertically, to generate a spatial point. The
ground pixel size should be multiplied by the step size to
obtain the ground point spacing.
Ground resolution is not a constant value, particularly on
tilted aerial or terrestrial images. Several parameters, includ-
ing incidence angle, reﬂectivity, stereomatching and changes
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Table 1. Registration approaches.
Approach A Compass measurement of the trend and plunge of the camera/scanner line-of-sight. Using TDP, the scale
is provided by measurement of the distance between the two camera positions. The tilt must be zeroed.
No access to the rock slope is required. The point precision and accuracy of this approach has not been
tested over a distance larger than 300m. However, a comparison of the orientation of four selected
planes measured using approaches A, B and C shows consistent results (Table 4 and Fig. 4).
Approach B Three or more photographs/scans are taken from three different positions and merged together; these positions
are surveyed with the TS. No access to the rock slope is required. The point accuracy of this approach is lower
than approach C-1 and C-2 as, since there is no control point in the neighbourhood of the rock slope,
a small inaccuracy in the survey of the camera/scanner positions will propagate with the distance. However,
measurements of discontinuity orientation are still valuable as shown in Table 4 and Fig. 4.
Approach C-1 Survey of about 6 targets on the rock slope, using a DGPS or TS. The position(s) of the camera/scanner can
be incorporated, if available. This approach is the most accurate and precise.
Approach C-2 Survey using the reﬂectorless TS of about 6 natural recognizable and scattered features on the rock face.
The position(s) of the camera/scanner can be incorporated, if available. No access to the rock slope is required.
Fig. 1. Registration approach set-up. The squares represent cam-
era/scanner positions and the stars control points. The ﬁlled sym-
bols or lines indicate measurement locations.
in perspective all may inﬂuence ground resolution. As a gen-
eral rule, use of a slightly higher resolution (i.e. a slightly
shorter ground point spacing) is recommended, so that there
is enough redundancy to guarantee adequate interpolation of
a 3-D model surface (Giussani and Scaioni, 2004).
In digital photogrammetry, resolution is a function of the
focal length, pixel size and the range, whereas for laser scan-
ning, resolution depends on both beamwidth, which deﬁnes
the footprint, and spot spacing. Lichti and Jamtsho (2006)
combine these parameters in a measure called effective in-
stantaneous ﬁeld of view (EIFOV). The footprint represents
the size of the area averaged in a single laser beam mea-
surement and can be calculated using equations proposed by
Giussani and Scaioni (2004). Excessively oblique scans, hor-
izontally or vertically, should be avoided. Indeed, Pesci et
al. (2007a) show that if the angle between the beam line-of-
sight and the normal to the object surface is greater than 60◦,
the footprint decreases dramatically with increasing range. A
similarlogiccanbeusedfordigitalphotogrammetrysurveys.
McCaffreyetal.(2005)statethatﬁne(cm)scaleresolution
allows the user to map stratigraphical contacts, meso-scale
tectonic and sedimentary structures, or weathering and other
surface processes. Terrestrial remote sensing techniques al-
low the characterization of sub-vertical slopes at a ﬁne (cm)
to very ﬁne (mm) resolution. Such level of detail makes it
possible to measure low to extremely high persistence dis-
continuities (ISRM, 1978; Sturzenegger and Stead, 2009).
Terrestrial reﬂectorless surveying methods are best used on
sub-vertical sections, while airborne techniques are superior
for sub-horizontal landscapes.
3.3 Scale
On aerial and tilted photographs, in variable relief terrain,
the scale can be measured at a speciﬁc location, but only ap-
proximated as an average scale over an entire area. For more
details on scale calculation, refer to Wolf and Dewitt (2000).
Equation (1) can be used to approximate terrestrial pho-
tographic scale (note that the scale does not change when
zooming in or out, although it may help visually):
Savg =
f
D
(1)
where f is the focal length and D the range. For example,
outcrop scale is 1:600 with a 50mm focal length at 30m
while the scale for a high mountain rock slope, at 500m with
f=200mm, is 1:2500.
A certain number of pixels are needed to recognize a fea-
ture in an image; the actual minimum number of pixels re-
quired varying according to the contrast between the feature
and its background. If there is sufﬁcient contrast, Soeters and
van Westen (1996) suggest that on 1:50000 (medium scale)
aerial photos, the minimum size of a recognizable object is
25m2, and increasing to 6.5m2 at a larger scale of 1:15000.
In addition, Sissakian et al. (1983) estimated that slope insta-
bility features, such as cracks, steps and depressions, should
be 10 to 75m long to be adequately recognized at 1:5000
scale and larger than 75m to be identiﬁed at 1:10000 scale.
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Table 2. Rock slopes investigated.
Name Location Rock type Age Structure Imaged area: Average Average
height/length slope range
dip/dip
direction
(m) (◦) (m)
Turtle Mountain Highway 3, near Livingstone Formation (Douglas, 1958). Lower Gentle slope with 80/100 42/111 100
(Fig. 2a) Frank, Alberta Thick beds of medium- to coarsely- Carboni- highly fractured
-crystalline limestone and medium- ferous rock, close
-crystalline, porous dolomite which to the hinge
alternate as individual beds or in larger of an anticline;
units with beds, of ﬁnely crystalline presence of tension
limestone, argillaceous dolomitic cracks.
or cherty, and ﬁne-grained dolomite.
Mount Edith Cavell 20km Gog Group (Aitken, 1968). Lower Very brittle 160/240 72/053 550
(Fig. 2b) south Thick units of very ﬁne Cambrian and intensively
of Jasper, and ﬁne-grained fractured rock;
Alberta sandstone and quartzite. anaclinal slope.
Bridal Veil Falls Highway 93, Steep anaclinal 65/145 87/191 430
(Fig. 2c) between Palliser Formation (Beach, 1943; rock slope, with
Saskatchewan Meijer Drees et al., 1993). overhanging blocks.
Crossing and Lower (Morro) Member: massive
Jasper, Alberta and resistant, cliff forming, Upper
Medicine Lake 20km east of grey and dark greyish brown Devonian Structure dominated 7/15 55/226 23
(Fig. 2d) Jasper, Alberta mottled, dolomitic limestone. by bedding planes,
Upper (Costigan) Member: subparallel to the rock
interbedded succession of slope face; 2 or
dolostone, silty dolostone 3sets of cross joints
and fossiliferous limestone. form lateral and upper
release fractures.
3.4 Precision and accuracy
In digital photogrammetry, the precision and accuracy of
a stereomodel depend mainly on the network geometry
(Fraser, 1996; Adam Technology, 2007), i.e. the relative po-
sitions of the camera and the object. In laser scanning, each
manufacturer provides precision and accuracy speciﬁcations,
which have been veriﬁed by Boehler et al. (2003) and Pesci
et al. (2007a). Precision and accuracy will largely depend on
registration of a 3-D model into a local or global reference
system. Whenever possible, it is recommended to measure a
few reference points in the neighbourhood of the rock slope
in order to evaluate precision and accuracy.
Using the TS survey as the base case, the authors tested
the accuracy (mean error) and precision (standard deviation)
of varying techniques and registration approaches (see Lane
et al., 2000) at Bridal Veil Falls and Turtle Mountain (Table 3
and Fig. 3), with a range of 430m and 2100m, respectively.
Note that no correction for earth curvature and refraction has
been applied, because their effect would be insigniﬁcant at
the present range (Topcon Positioning system Inc., 2008).
The results show that approach C-1 and C-2 are the most
accurate and precise with an average mean error of 0.1, 0.05
and −0.03m and an average standard deviation of 0.28, 0.15
and 0.17m in the X-, Y- and Z-directions, respectively. The
point accuracy and precision of approach B is signiﬁcantly
lower, with an average mean error of 2.91, 7.00 and 0.02m.
and an average standard deviation of 0.47, 0.49 and 0.74m
in the X-, Y- and Z-directions, respectively.
Table 4 and Fig. 4 show good consistency in the plane
orientation measurements achieved using the different tech-
niques and registration approaches. With the exception of
the dip angle of plane D, all concentrations have very high
Fisher’s K values, corresponding to maximum dip and dip di-
rection variations with respect to the mean of 3.3◦ and 5.1◦,
respectively. The dip angle variability of plane D is relatively
high, 5.2◦, but still adequate for many engineering purposes.
Note that planes B and C could not be measured with TDP
(f=400mm), because they lie outside the sampling window.
In addition, plane accuracy could not be evaluated at a range
of 2100m (on Turtle Mountain), because insufﬁcient data
were available.
3.5 Reﬂectivity
Because laser scanners emit their own light, they have spe-
ciﬁc limitations related to object roughness and reﬂectivity
(Optech Inc., 2008). Pesci et al. (2007a) achieved a success-
ful laser scanner survey on low reﬂectance volcanic rocks at
a range of 600m. Sturzenegger et al. (2007a) reported re-
Nat. Hazards Earth Syst. Sci., 9, 267–287, 2009 www.nat-hazards-earth-syst-sci.net/9/267/2009/M. Sturzenegger and D. Stead: Long-range remote sensing discontinuity characterization on rock slopes 271
Fig. 2. Field localities. (a) Turtle Mountain, (b) Mount Edith Cavell, (c) Bridal Veil Falls, (d) Medicine Lake, (e) map of western Canada
with the ﬁeld locations.
ﬂectivity issues on dark and wet rock masses at distances of
600m and 300m, respectively.
TLS tests at a coal mine, in south-eastern British
Columbia, provided the limitation of the ILRIS-3D laser
scanner on a typical low-reﬂectance rock mass. Results
showed that, on coal, reﬂectivity issues can occur at a range
of 350m and point cloud data are unreliable beyond 450m.
On brighter rock masses, however, the range extends up to
about 800m.
4 Characterization of discontinuity orientation and
persistence
The present work focuses on the characterization of discon-
tinuity orientation and persistence. For details on rough-
ness characterization using remote-sensing techniques, the
reader should refer to Haneberg (2007), Poropat (2008) and
Sturzenegger and Stead (2009). Research on quantiﬁcation
of spacing, intensity and block size is ongoing and outside
the scope of the current paper.
Field-based discontinuity characterization along scanlines
(or windows) requires a large enough area to be mapped in
order to obtain a statistically signiﬁcant sample. In addi-
tion, it is recommended to map different exposures in order
to avoid orientation bias (ISRM, 1978; Priest, 1993). The
procedure is similar in 3-D LiDAR and photogrammetric
models where discontinuity orientation and persistence mea-
surements are achieved by manually ﬁtting planes on rec-
ognizable surfaces and traces using the commercial codes
Polyworks (Innovmetric software, 2006) and 3DM Analyst
(Adam Technology, 2007), respectively. Discontinuity char-
acterization requires skilled interpretation by a rock mechan-
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Fig. 3. Accuracy (a) and precision (b) of the registration approaches used at Bridal Veil Falls and Turtle Mountain (TDP using varied focal
lengths).
Table 3. Accuracy (me=mean error) and precision (sd=standard
deviation) of the registration approaches used at Bridal Veil Falls
and Turtle Mountain (TDP using varied focal lengths).
Technique/f Regi- Range X me Y me Z me X sd Y sd Z sd
stration
approach
(m) (m) (m) (m) (m) (m) (m)
TDP 100mm B 430 1.49 4.81 5.59 0.43 0.36 0.99
TDP 200mm B 430 −1.12 2.95 0.64 0.18 0.74 0.92
TLS C-2 430 0.00 0.00 0.01 0.07 0.18 0.08
TDP 50mm C-2 430 0.06 0.00 −0.03 0.17 0.12 0.16
TDP 100mm C-2 430 −0.21 0.06 −0.30 0.38 0.08 0.20
TDP 200mm C-2 430 −0.01 0.05 −0.02 0.31 0.19 0.15
TDP 400mm C-2 430 0.49 −0.16 0.30 0.25 0.25 0.19
TDP 400mm B 2100 8.37 13.22 −6.16 0.80 0.36 0.31
TDP 400mm C-1 2100 0.29 0.33 −0.13 0.47 0.09 0.23
ics engineer or geoscientist. Circular planes are assumed and
discontinuityparametersincludingdip, dipdirectionandper-
sistence are derived (Sturzenegger and Stead, 2009) where
the latter is calculated as the area of a circle whose diameter
is termed the “equivalent trace length”.
Figure 5a illustrates this process on a detailed view from a
point cloud of the Bridal Veil Falls rock slope. Each spatial
point has a greyscale intensity value, which helps in distin-
guishing morphological features. Figure 5b shows the equiv-
alent result on a stereomodel draped with a digital photo-
graph. Large and/or multiple windows were used in order
to ensure that enough measurements could be made and to
avoid orientation bias. The white rectangles on Fig. 5 show
the windows used at Bridal Veil Falls and the black rectan-
gles on Fig. 6a the windows at Mount Cavell. Field mea-
surements achieved on selected discontinuities at the foot of
the Mount Cavell rock slope show that three orthogonal sets
are present with a mean discontinuity trace length of 1.99m
(Fig. 6b). Close-range TDP, with a 20mm focal length, was
also undertaken at locations A and B (Fig. 6a).
4.1 Observation scale
At Bridal Veil Falls and Mount Edith Cavell, a series of 3-
D models with increasing ground resolution have been built.
The ground resolution of the TLS point clouds is determined
by varying the laser beam spot spacing value. Different focal
lengths (f=20, 50, 200 and 400mm) are used for the digi-
tal photogrammetric survey. The objective is to investigate
the effect of observation scale on the results of the charac-
terization of discontinuity orientation and persistence over
constant sampling windows, by varying ground resolution.
Preliminary results concerning the effect of the measure-
ment scale on discontinuity roughness have been reported by
Poropat (2008).
4.1.1 Effect of observation scale on orientation
measurements
Orientation measurements obtained for the different ground
resolutions are shown in Figs. 7 and 8, at Bridal Veil Falls
and Mount Edith Cavell, respectively. Figure 7 shows that
high resolution 3-D models clearly display the bedding, two
sets of cross joints (J1 and J2) and an additional joint set (J3)
(Fig. 7b and d). At a lower resolution, however, while the
persistent bedding planes still clearly appear, J2 and J3 are
poorly deﬁned (Fig. 7a and c). Consequently, there is a scale
orientation bias resulting from the choice of resolution.
Figure 8 shows a fracture network with bedding planes
and 2sets of cross joints. Window 1 is located in a different
domain from the other windows. Windows 1 and 2 display
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Table 4. Orientation of selected planes measured with the different techniques and registration approaches at Bridal Veil Falls, range=430m.
Technique/f Registration Plane A Plane B Plane C Plane D
approach
Dip Dip Dip Dip Dip Dip Dip Dip
direction direction direction direction
(◦) (◦) (◦) (◦) (◦) [v] (◦) (◦)
TLS A 23.8 38.8 86.1 69.4 77.9 142.7 76.3 189.6
TDP 50mm B 24.6 38.0 84.1 68.3 78.9 144.8 75.3 189.5
TDP 100mm B 25.7 31.9 84.1 73.3 76.5 142.3 69.8 189.5
TDP 200mm B 23.4 37.3 83.9 69.2 76.1 143.7 74.1 190.4
TLS C-2 23.7 39.7 88.3 71.8 77.8 143.6 79.0 192.1
TDP 50mm C-2 28.3 32.7 84.9 67.4 78.2 144.1 74.8 190.2
TDP 100mm C-2 23.5 40.7 84.8 67.5 78.2 141.0 71.3 193.7
TDP 200mm C-2 24.7 39.4 87.2 70.5 76.3 142.9 72.7 189.4
TDP 400mm C-2 22.5 36.5 n/a n/a n/a n/a 76.2 185.8
Mean orientation 25 37 86 69 78 143 75 190
Fisher’s K 1322 896 3391 523
only two sets each; an additional window on a different expo-
sure being necessary in order to compensate for orientation
bias. Comparing the results obtained at varying resolutions
for each window separately, very similar discontinuity sets
can be recognized. However, a careful look at set J3 mea-
sured with TDP 50mm in window 1 reveals a difference of
9degrees in dip direction, compared to the average values
obtained with the other resolutions. Similarly, there is a dif-
ference of 9degrees in dip direction on set J1 in window 3.
In addition, in window 1, the 400mm digital photogramme-
try model allows characterization of the non-persistent dis-
continuity set J2, which was not clearly recognized on lower
resolution 3-D models. These observations at Mount Edith
Cavell conﬁrm the possibility of additional orientation bias
related to the observation scale, i.e. scale bias, when using
low resolution 3-D models. It shows that this observation
scale effect can result in both a lack of measurements for a
discontinuity set (Fig. 7) and a shift in discontinuity set ori-
entation (Fig. 8).
4.1.2 Effect of observation scale on persistence
measurements
Table 5 summarizes the results of persistence measurements
obtained at Bridal Veil Falls and Mount Edith Cavell, high-
lighting differences in mean, minimum and maximum equiv-
alent trace length. An effort was made to map the majority
of recognizable and practically measurable discontinuities.
As would be expected, the measured equivalent mean trace
length increases with an increase in the ground point spacing;
at each ground resolution, traces shorter than the minimum
equivalent trace length being truncated. This truncation is
the ﬁrst effect of scale bias on discontinuity persistence mea-
surements, i.e. non-recording of a certain persistence range.
Fig. 4. Stereonet (lower hemisphere, equal area projection) of the
measurements of planes A to D, made with the various techniques.
3-D model resolution can have a second scale bias effect
on discontinuity persistence measurement in that disconti-
nuities considered as extremely persistent when measured
at low resolution may in fact be subdivided into a series of
shorter discontinuities, this only being recognizable at higher
resolution (Fig. 9). Such a step-path geometry is described
in more detail in Sect. 4.2.
Foreach3-Dmodel, equivalenttracelengthmeasurements
follow a negative exponential distribution. Results displayed
in Table 5 are plotted in Fig. 10 and Fig. 10a shows the min-
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Fig. 5. Discontinuity characterization on 3-D models. (a) TLS point cloud, rendered with greyscale intensity values, (b) photogrammetric
stereomodel, draped with a digital photograph. The white rectangles indicate the sampling windows used with TLS, TDP 50mm and TDP
200mm. The white dashed line indicates the sampling window used with TDP 400mm. The black squares illustrate how discontinuities are
mapped through a detailed 3-D view of the rock slope.
imum equivalent trace lengths, which can be measured de-
pending on both the ground resolution and scale. Figure 10b
shows the mean equivalent trace lengths. Both graphs show
that, based on the limited amount of available data, the trace
length measurements ﬁt approximately a linear trend line.
Figure 10c shows that mean equivalent trace length measure-
ments provide a better ﬁt to power laws, when they are sub-
divided according to the rock type. Equations (2) and (3) are
derived from the linear trend lines.
Ground point spacing = 0.145 ∗ minimum equivalent trace length (2)
Ground point spacing = 0.023 ∗ mean equivalent trace length (3)
Nat. Hazards Earth Syst. Sci., 9, 267–287, 2009 www.nat-hazards-earth-syst-sci.net/9/267/2009/M. Sturzenegger and D. Stead: Long-range remote sensing discontinuity characterization on rock slopes 275
Fig. 6. The Mount Cavell rock face. (a) Windows 1, 2 and 3, where discontinuity characterization of 3-D models was undertaken. “A” is
the location of ﬁeld measurements. “A” and “B” are the locations of close-range 20mm TDP. (b) Discontinuity orientation and trace length
measured by hand at station A.
4.2 Step-path geometry
High resolution 3-D models are particularly helpful in the
observation of composite surfaces characterized by a step-
path geometry. Characterization of step-path surfaces using
TLS has been undertaken by Yan (2008). In this study, two
main types of step-path geometries were observed. The ﬁrst
one, on Mount Edith Cavell (Figs. 9, 11a and b), shows a
series of closely-spaced, sub-parallel, non-persistent discon-
tinuities linked by an intact rock bridge. Once the intact rock
bridge has failed, a persistent composite release surface or
discontinuity surface may be created. This type of geometry
www.nat-hazards-earth-syst-sci.net/9/267/2009/ Nat. Hazards Earth Syst. Sci., 9, 267–287, 2009276 M. Sturzenegger and D. Stead: Long-range remote sensing discontinuity characterization on rock slopes
Fig. 7. Stereonets (lower hemisphere, equal area projection, ﬁrst contour=3%, interval=2% per 1% area) of Bridal Veil Falls rock slope,
obtained from 3-D model discontinuity characterization. (a) TLS low resolution, (b) TLS high resolution, (c) TDP f=50mm lens, (d) TDP
f=200mm lens.
Table 5. Characterization of persistence.
Location Technique/f Range Ground point Mean eq. Min. eq. Max. eq.
spacing trace length trace length trace length
(m) (m) (m) (m) (m)
Medicine Lake TLS 23 0.013 2.24 0.30 17.40
Bridal Veil Falls TDP 50mm 430 0.442 11.83 2.00 45.00
Bridal Veil Falls TDP 200mm 430 0.110 5.76 0.50 44.00
Bridal Veil Falls TDP 400mm 430 0.055 3.97 0.39 52.44
Bridal Veil Falls TLS 440 0.321 9.82 3.00 46.00
Bridal Veil Falls TLS 430 0.080 7.00 1.00 66.00
Mt. Edith Cavell TDP 20mm 6 0.015 1.15 0.16 5.72
Mt. Edith Cavell TDP 50mm 550 0.560 22.61 2.86 158.74
Mt. Edith Cavell TDP 200mm 550 0.140 13.83 1.55 87.74
Mt. Edith Cavell TDP 400mm 550 0.070 6.82 0.92 70.75
Mt. Edith Cavell TLS 550 0.180 8.58 1.60 56.01
Mt. Edith Cavell TLS 550 0.090 5.05 1.00 44.01
has also been observed in the Palliser Formation limestone,
on the Cirrus Wall, 5km south of Bridal Veil Falls. A se-
ries of 10m persistent, 1–2m spacing, sub-horizontal bed-
ding planes create the upper release surface of a large failure
or series of failures (Fig. 12).
The second type of step-path geometry, observed in the
Medicine Lake outcrop (Fig. 13), is characterized by a com-
bination of two sub-perpendicular discontinuity sets and
some intact rock bridges. As for the previous type, the en-
tire discontinuity system provides the potential for persistent
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Fig. 8. Discontinuity orientation measurements at Mount Cavell (Stereonets, lower hemisphere, equal area projection, ﬁrst contour=3%,
interval=2% per 1% area). No measurements in windows 2 and 3 were done with TDP 400mm.
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5 meters
Fig. 9. Apparently persistent feature at low resolution (white line)
comprising a step-path of low persistence steeper discontinuities
(black lines).
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Fig.10. Plotsshowingtherelationshipminimum(a)andmeantrace
length (b and c) versus ground point spacing and scale. Plot “c”
shows that for both limestone and quartzite data a better ﬁt is pro-
vided by a power law.
Table 6. Accuracy (mean error) and precision (standard deviation)
of the composite 3-D model of South Peak, Turtle Mountain, Al-
berta.
Northing Easting Elevation
Mean error (m) 0.141 −0.057 −0.084
Standard deviation (m) 0.490 0.603 1.224
Table 7. Discontinuity orientation and persistence characterization
on the South Peak using terrestrial remote-sensing.
Set Mean Mean dip Persistence
name dip direction
(◦) (◦)
S0 45 287 Medium-extremely high
J1 88 342 Medium-very high
J2 73 071 High
J3 76 130 Very high-extremely high
J4 63 173 Medium-high
composite release surfaces. The example shown in Fig. 13
illustrates this with two sets of low persistence cross joints,
sub-perpendicular to bedding and intact rock bridge length
of up to 2m.
More complex step-path geometries, involving a larger
amount of intact rock brittle fracture are described by
Yan (2008).
5 Composite terrestrial 3-D model of the South Peak
of Turtle Mountain
Turtle Mountain (Fig. 14a), the site of the 1903 Frank Slide,
has been subject of numerous recent studies, as outlined by
Froese and Moreno (2006). Conventional ﬁeld-based map-
ping, using intrusive and non-intrusive methods have been
applied (Cruden and Krahn, 1973; Fossey, 1986; Couture,
1998; Spratt and Lamb, 2005; Theune et al., 2005; Lan-
genberg et al., 2006). Airborne remote-sensing techniques,
including SAR and InSAR methods (Singhroy and Molch,
2004; Singhroy et al., 2005; Mei et al., 2008), photogram-
metry (Jaboyedoff et al., 2009) and LiDAR (Sturzenegger et
al., 2007b) have been used to monitor motion or characterize
both the mountain and the morphology of the debris.
The structure and geology of Turtle Mountain has been de-
scribed by Cruden and Krahn (1973) and further detailed by
Langenberg et al. (2006). It is formed by the Turtle Moun-
tain Anticline, which is underlain by the Turtle Mountain
thrust fault. Above this fault, a minor thrust fault has been
observed. The failure surface of the slidelocally follows bed-
ding planes located to the east of the anticline hinge. At the
toe, the failure surface follows the minor thrust fault and at
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Table 8. Summary of scale bias effects on discontinuity orientation and persistence measurements.
Scale bias (or observation scale)
Effect on discontinuity orientation measurements. Effect on discontinuity persistence measurements
Truncation of non-persistent discontinuity sets Truncation of non-persistent discontinuities,
resulting in orientation bias (Fig. 7). small compared to ground point spacing.
Shift in discontinuity orientation, because Overestimation of the length of extremely persistent features actually
of smoothing of step-path geometries (Figs. 8 and 9). composed of a combination of both smaller discontinuities and intact
rock fracture. This results from the smoothing of the step-path
geometries at low resolution (Fig. 9).
Fig. 11. First type of step-path geometry, observed on Mount Edith Cavell. A series of closely-spaced, sub-parallel, non-persistent dis-
continuities are linked by a narrow intact rock bridge. Discontinuity mapping on a TLS point cloud, rendered using greyscale intensity
values.
the top, it is controlled by a combination of two or three joint
sets and intact rock fractures (Jaboyedoff et al., 2009).
Jones (1993) interprets the minor fault as a folded thrust
fault and explains that a wedge formed by its intersection
with bedding planes creates unstable blocks on the eastern
ﬂank of Turtle Mountain. Consequently, the structural ge-
ology of the mountain becomes extremely sensitive to trig-
gering factors; freezing and thawing, river erosion at the toe
and mining at the base all having been proposed (Cruden and
Martin, 2007; Benko and Stead, 1998).
The purpose of the present project is to create a terrestrial
3-D model of the South Peak of Turtle Mountain to com-
plement the existing airborne LiDAR DEM. The ground res-
olution of the latter on ﬂat terrain is about 0.5m, however,
due to the vertical line-of-sight, this may decrease up to 3m
particularly on sub-vertical slopes. Such a resolution will
result in the truncation of medium to high persistence dis-
continuities. In contrast, with a sub-horizontal line-of-sight,
a terrestrial 3-D model provides a higher ground resolution
on sub-vertical slopes (up to 40mm for TLS and 96mm for
TDP with an f=400mm lens), Preliminary observations us-
ing terrestrial and airborne LiDAR on Turtle Mountain were
presented in a previous paper by the authors (Sturzenegger et
al., 2007b).
5.1 Composite TDP/TLS model creation
To create the terrestrial 3-D model, a combination of TDP
and TLS was used, thereby using the advantages of one tech-
nique to mitigate the limitations of the other. TLS is more
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Fig. 12. The Cirrus Wall. (a) Photograph of the base of the wall, highlighting an upper release surface, (b) TLS point cloud, rendered using
greyscale intensity values (white spots indicate no TLS measurement), showing characterization of the step-path geometry.
convenient to undertake on narrow ridges, with limited van-
tage points, between which important changes in perspective
occur. Using TLS, a single position is enough to create a
point cloud of the scene. However, the TLS range is limited
to about 800m, while the east facing scar of Turtle Mountain
must be imaged from a distance greater than 2km. Conse-
quently, TDP with a high focal length (f=400mm) provides
an ideal solution.
The ﬁnal 3-D model was built by merging point clouds
and stereomodels created from 6TLS and 4TDP locations
(Figs. 14b and 15a). Registration was achieved by surveying
camera/scanner locations and 8 large high contrast coloured
targets with a DGPS. The accuracy and precision of the com-
posite 3-D model is detailed in Table 6, estimated by compar-
ison with the DGPS survey, which has a centimeter accuracy.
Several parameters contribute to the overall model error, in-
cluding the inherent accuracy of the laser scanner, the stereo-
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Fig. 13. Second type of step-path geometry, observed at the Medicine Lake outcrop. The composite surface is composed of a combination
of two sub-perpendicular discontinuity sets and some intact rock fracture. Discontinuity mapping on TLS point clouds, rendered using
greyscale intensity values.
model creation process, alignment of successive models and
target recognition. The main error component in the current
project resulted from the alignment process, as the challeng-
ing mountainous terrain made it sometimes impossible to ob-
tain optimal overlap between successive adjacent models.
The quality of the composite 3-D model is evaluated by
overlaying and comparing it with the airborne LiDAR DEM.
To accomplish this, the shortest distance between each point
on the 3-D models and the reference airborne LiDAR DEM
are computed and displayed as an error map. Figure 15b
shows that, with the exception of a few limited areas, the two
models match very well (errors up to 2–3m). Locally, errors
up to 5 meters occur due to scattered large boulders, gullies
and trees, which could not be ﬁltered out.
The terrestrial composite 3-D model has a higher ground
resolution, but is frequently affected by occlusion zones at
the very top of the peak, behind trees and protruding blocks,
or along cracks and gullies. Depending on access, these oc-
cluded areas could be, in the future, mapped in more detail,
using close-range TDP or TLS surveys.
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Fig. 14. Turtle Mountain. (a) East side with the limit of the slide (white dashed line), (b) contour map of the mountain with the locations of
the TDP (black dots) and the TLS (black stars).
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Fig. 15. Composite 3-D model of the South Peak. (a) Oblique view
of the NE side, displayed using ArcScene (ESRI Inc.), (b) plane
view of the error map of the whole model.
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Fig. 16. Components of the composite terrestrial 3-D model of the
South Peak. (a) photogrammetric stereomodel (draped with a digi-
tal photograph) of the upper part of the NE side of the peak (scar)
built using a f=400mm lens from a distance of 2.1km, (b) TLS
point cloud (rendered using greyscale intensity values) of the SE
side of the peak, surveyed from a distance of 150m.
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Fig. 17. Discontinuity characterization. (a) stereonet (lower hemisphere, equal area projection, ﬁrst contour=3%, interval=2% per 1% area),
(b) equivalent trace length distribution, (c) symbolic pole plot of persistence class (ISRM, 1978).
5.2 Discontinuity mapping
A major advantage of the terrestrial 3-D model is that it al-
lows recognition of medium and higher persistence disconti-
nuities located on oblique to sub-vertical rock slopes, such as
the failure surface and lateral boundaries of the slide, where
airborne LiDAR DEM resolution is in contrast more limited.
Discontinuity characterization was achieved using both the
f=400mmphotogrammetricstereomodelbuiltfromthebase
of the mountain, at a range of 2.1km, and the close-range
TLS point cloud created from locations around the mountain
peak. Figure 16 shows selected details of these two compo-
nents of the composite 3-D model.
Discontinuity characterization covers the upper part of the
South Peak above an elevation of 2000m, in the Livingstone
Formation (Tables 2 and 7). Figure 17a shows that bedding
planes are clearly recognized and that cross joints have a
large variability of orientations. Medium to very high per-
sistence structures were mapped (Fig. 17b). Discontinuity
sets J1 and J2 described by Couture (1998) and Spratt and
Lamb (2005) can be recognized. S0, J2 and J4 sets were
mapped by Brideau (M.-A. Brideau, personal communica-
tion, 2008). Discontinuity set J3 has not been mapped in the
ﬁeldbyotherauthors, however, itwasrecognizedonairborne
DEM by Jaboyedoff et al. (2009) with a lower dip. Two pos-
sible reasons can explain this; ﬁrstly, discontinuity set J3 was
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mapped on the East facing scar of the South Peak, where
there is very limited access for ﬁeld mapping. In addition,
Fig. 17c shows that most of the J3 discontinuities are very
high to extremely high persistence surfaces (ISRM, 1978). It
is possible that these surfaces represent, as discussed previ-
ously composite surfaces, combining both joints and intact
rock fractures with a step-path geometry. Such features are
not observed during ﬁeld survey, which focus on lower per-
sistence joints.
6 Discussion
This paper evaluates techniques for quantifying discontinu-
ity orientation and persistence on high mountain rock slopes
and large landslides using terrestrial digital photogrammetry
and terrestrial laser scanning. The methodology is described
and evaluated on a large cliff at Bridal Veil Falls where it is
shown that the choice of registration method does not signif-
icantly affect plane orientation measurements. The accuracy
obtained is considered adequate for discontinuity characteri-
zation on high mountain rock slopes where signiﬁcant issues
relate to safety, access and true representation of disconti-
nuity networks. The potential for occlusion and orientation
bias must always be considered in remote sensing discon-
tinuity measurements as topographical constraints will fre-
quently prevent the optimal location of the camera/scanner.
It is strongly recommended that remote-sensing methods be
combined with conventional geological and structural obser-
vations and other techniques wherever possible in order to
obtain comprehensive datasets.
The second part of the paper evaluates the effect of
observation scale on orientation and persistence measure-
ments using 3D LiDAR/photogrammetric models with vary-
ing ground resolutions. It is shown that scale bias can re-
sult in both a lack of measurements for a speciﬁc disconti-
nuity set and a shift in discontinuity set orientation. In the
ﬁrst case, there is an orientation bias, when, at low resolu-
tion, non-persistent discontinuity sets are truncated and con-
sequently do not appear on stereonets, their persistence be-
ing too small compared to the point spacing. The trunca-
tion threshold decreases with increasing resolution, such that
when mapping from higher resolution 3-D models, disconti-
nuities which did not appear at lower resolution can now be
recognized and measured. Consequently, the minimum and
mean trace length of discontinuities increases with decreas-
ing ground resolution.
The second case follows as direct consequence of the trun-
cation of speciﬁc joints due to resolution/scale-based orien-
tation bias. As resolution decreases, the rock slope texture is
smoothed, resulting in a shift in orientation. This second ef-
fect is illustrated on Fig. 9, which shows that a large feature
dipping at about 45◦ is actually composed of multiple low
persistence joints, dipping more steeply. At low resolution,
the ground point spacing is too large to enable mapping of
the low persistence joints and consequently, only the average
45◦ dipping feature will be sampled. This effect typically
occurs on step-path surfaces trending at a small angle with
respect to the line-of-sight of the camera/scanner. Measuring
such surfaces results in overestimation of persistence. The
effects of scale bias on discontinuity orientation and persis-
tence measurements are summarized in Table 8.
The preliminary empirical Eqs. (2) and (3), derived from
the trend lines of Fig. 10, can be used as a planning tool to
estimate an average persistence of discontinuities, which can
be characterized with speciﬁc ground point spacing. Con-
versely, they can also be used to select an adequate lens focal
length/spot spacing in order to characterize discontinuities
of a certain size. Figure 10c suggests that the ground reso-
lution/mean trace length relationship varies according to the
rock type and is best ﬁtted by a power law. Although the R2
values are high, it is emphasised that the trend lines are de-
rived from a limited amount of values and more research on a
variety of rock types is required to complement these results.
As stated previously, at low ground resolution, some struc-
tural features could be mistaken as extremely persistent dis-
continuities, while in reality they represent composite step-
path surfaces containing a series of non-persistent disconti-
nuities. In this paper, two types of step-path geometry are
described from LiDAR and photogrammetric models. The
question of which persistence value, i.e. which ground res-
olution to use, should be asked. Clearly, in terms of slope
stability, persistent and fully developed features, already rec-
ognizable on low resolution 3-D models, are more hazardous
than shorter ones, whether they are single persistent discon-
tinuities or composite surfaces with a step-path geometry.
However, a detailed characterization at higher resolution of
both discontinuities and intact rock bridges will provide a
better understanding of the discontinuity/rock mass strength
properties, such as cohesion and friction in addition to the
importance of brittle fracture and hence tensile strength of
the rock mass.
The third part of the paper illustrates the creation of a ter-
restrial 3-D model of the South Peak of Turtle Mountain, us-
ing a combination of terrestrial digital photogrammetry and
terrestrial laser scanning. TLS is convenient on sharp ridges,
where accessibility and rapid changes in perspective limit the
use of TDP (which require two or more camera stations). In
contrast, unlike most routinely available TLS, TDP allows
building of high resolution stereomodels at a range exceed-
ing 2km, when a large focal length (f=200–400mm) is used.
The use of high focal length (f=400m) lenses in digital pho-
togrammetry has to the authors knowledge rarely been docu-
mented in the geotechnical literature and this paper clearly
shows their signiﬁcant potential for rock slope and land-
slide investigations. Consequently, the case study data pre-
sented highlights new opportunities for detailed discontinu-
ity characterization, using medium-range (>300m) to long-
range (>1000m) terrestrial digital photogrammetry. Such
techniques as illustrated by the characterization of disconti-
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nuities on the South Peak can be extremely useful in map-
ping medium- to extremely-persistent discontinuities that of-
tenplayanimportantroleinthestabilityoflargeinaccessible
mountain slopes or open-pit walls.
The quality of a site investigation will beneﬁt signiﬁcantly
from information collected at different observation scales,
from traditional ﬁeld outcrop to remote sensing mapping.
Airborne LiDAR, although presenting a lower density of
spatial data provide a more comprehensive (less occlusion)
model of sub-horizontal to oblique slopes. The authors stress
that a combination of complementary terrestrial and airborne
remote sensing techniques is optimal in the generation of re-
motesensingmodelsoflargelandslides. Suchmodelsshould
be incorporated as routine tools in landslides investigations.
7 Conclusions
Field sampling methods are currently restricted to low per-
sistence discontinuities (scanline surveys) or large scale fea-
tures (airborne photographs or DEM survey). Typically, dur-
ing a scanline surveys, trace lengths longer than 10–15m can
only be approximated. At the other end of the spectrum, air-
borne discontinuity surveys are limited by resolution, espe-
cially on steep slopes. Terrestrial remote sensing techniques
can increase the ground resolution to 5–10cm, which repre-
sents high density of spatial data on sub-vertical to oblique
slopes, allowing characterization of medium and higher per-
sistence discontinuities.
Wherever possible, it is suggested to select an appropriate
ground resolution to avoid scale bias effects on discontinuity
orientation and persistence measurements. However, lower
resolution 3-D models should not be completely discarded as
they can provide important information on large composite
features. Indeed, terrestrial remote sensing may be particu-
larly well-suited for geotechnical discontinuity characteriza-
tion on large rock slopes and landslides, as they allow char-
acterization of medium to extremely high persistence com-
posite features, which are likely to play a major role in slope
stability.
The choice of an adequate ground resolution will also be
crucial for the creation of discrete fracture network (DFN)
models (Elmo et al., 2007). Indeed, they can generate either
an abundance of low persistence discontinuities (high resolu-
tion) or a smaller density of larger persistence discontinuities
(low resolution). In the ﬁrst case, the model quantiﬁes rock
mass properties such as strength or permeability, while in the
second case, they characterize the structures of a rock entity
that may be critical to slope failure. The purpose of the use of
DFN models should be considered when selecting the scale
of discontinuities to be characterized.
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